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S in  l e  c e l l  and mu l t i - ce l l  stacks o f  929 c d  (1  f t 2 )  and 310 c d  4 (0.33 f t  ) ac t i ve  e lectrode area have been assembled and tested i n  the  
laboratory. A 1.0 kW preprototype system a l  o has been evaluated. This 
stack naving 39 ce l l s .  
1 system i s  comprised o f  four  stacks o f  310 cm (0.33 f t 2 )  ce l ls ,  each 
The mechanical design o f  a Redox stack i s  very c r i t i c a l  t o  the  system's 
performance and e f f i c iency .  The stack must be sealed i n t e r n a l l y  and exter- 
na l l y .  Low density polyethylene frame gaskets, rubber gasketc tnd RTV s i l i -  
cone rubber sealant are used t o  prevent e lec t ro l y te  leakage and mixing. 
* 
Shunt currents i n  the stack are reduced by using long, na-row f low 
m 
d, 
ports. The e lec t ro l y tes  i n  the f low po r t s  are insulated from the b ipo la r  
e 
W 
p l a t e  by polyethylene gaskets. The e lec t ro l y tes  c i r c u l a t i n g  througn the 
primary manifolds are insulated from the conducting membranes and b ipo la r  
p la tes  by d i e l e c t r i c  "washeru inserts. An improved design includes anotner 
polyethylene gasket which insulates the  e lec t ro l y tes  i n  tne f l ow  po r t s  from 
t h e i r  adjacent membranes. 
The stack design uses t h i n  b ipo la r  p la tes  t o  reduce stack resistance. 
Thick terminal p la tes  car ry  tne  load currents out o f  tne stack without 
excessive I ~ R  losses. 
I NTROOUCT I ON 
Ind iv idua l  Redox f l ow  c e l l s  are assembled hya rau l i ca l l y  i n  p a r a l l e l  and 
e l e c t r i c a l l y  i n  series as a s ing le  stack. External and in te rna l  e l e c t r o l y t e  
leakage, shunt currents and stack resistance are a l l  fac tors  which a f f e c t  
t he  system's performance and e f f i c iency .  Therefore, these problems must be 
considered as tne stacu i s  designed and assembled. This repo r t  w i  ll discuss 
how such fac tors  as surface bonding, i nsu la t i on  of e l e c t r o l y t e  from conduc- 
t i v e  surfaces, f low p o r t  s i z ing  and proper design o t  b ipo lar  p la tes  can 
a l l e v i a t e  these problems. 
STRUCTURE AND WERATION OF A REOOX STACK 
Figure 1 i s  a photograpn o f  tne 1.0 kw preprototype system. A schema- 
t i c  diagram, showing the major co~nponents i n  a f u l l  function, m u l t i c e l l  
Reaox system, i s  presented i n  f i g u r e  2. For a more aeta i led  discussion o f  
system features and subsystem components, see reference 1. A c i d i f i e d  i r o n  
ano chromium ch lor ide  solutions, stored separately i n  two external  tanks, 
f low i n  a p a r a l l e l  fashion through a stack o f  ce l l s .  Two i n l e t  manifolds 
d i s t r i b u t e  the  e lec t ro l y tes  t o  each c e l l .  A p a i r  o f  porous, chemically 
i n e r t  electrodes i n  each c e l l  provide surfaces on wnich the charge and dis- 
charge react ions can take place. The electrode on the cnrmium side i s  
thermally p la ted w i th  gold and e lectroplated w i t h  a t race amount o f  lead as 
a ca ta l ys t  f o r  the electrochemical reactions. Bipolar  p la tes  between adja- 
cent c e l l s  conduct cur ren t  from one c e l l  t o  the  next. Each c e l l  contains an 
i o b s e l e c t  i v e  membrane which keeps the i r o n  and chromium cat ions  separated, 
b u t  a l  lgws ch lo r i de  ions and protons t o  pass f ree ly .  The solut ions leave 
the stack v i a  the comnon o u t l e t  manifolds. 
The p a r a l l e l  hydraul ic  arrangement o f  c e l l s  r e s u l t s  i n  a l l  the  c e l l s  i n  
tne stack having tne  same e l e c t r o l y t e  s ta te  o f  charge a t  any given time. 
Thus, the s ta te  o f  charge can be monitored by measuring the  p o t e n t i a l  across 
the open c i r c u i t  c e l l ,  which i s  e l e c t r i c a l l y  insulated from the r e s t  o f  the  
stack. 
Stacks having 329 c d  (1.0 f t 2 )  and 310 cm2 (0.33 f t 2 )  ac t i ve  
electrode area per c e l l  are snown i n  f i gu res  3 and 4, respect ively.  An 
exploded view o f  a s ing le  c e l l  i s  presented i n  f i g u r e  5. 
External  Leakage 
The Hedox stack must be completely sealed t o  prevent ooth loss o f  elec- 
t r o l y t e  from the system and cross-mixing. 
Each na l f - ce l l  c a v i t y  i s  enclosed by a polyethylene frame, cons i s t i ng  
o f  a "f low f i e l d "  and gasket. Lcw densi ty  polyethylene was cnosen f o r  tne  
frame mater ia l  because i t  i s  s o f t  enough t o  seal against mating surfaces 
without unacceptable co ld  f low and i s  r e s i s t a n t  t o  at tack by tne  chemical 
reactants. Tne gasket and f low f i e l d  are cu t  from sheet stock using a s t e e l  
r u l e  d i e  and a hydrau! i c  press. Tnese pieces are bonded together by apply- 
ing  a th in,  uniform coat o f  contact cement t o  both faces and c a r e f u l l y  
pressing thein together. The cement layer  must be smooth and f r e e  o f  gaps 
and lumps o r  e lse  the uneven surfaces may create leakage paths w i t h i n  the  
fraine. 
A s i  l i c v n  rubber aahesive sealant, RTV, i s  used t o  seal tne poly- 
ethylene frame t o  tne adjacent carbon or  grapni te b ipo la r  plate. The frame 
i s  covered w i t h  an even coat o f  RTV, mated t o  the  b ipo la r  p l a t e  (see f i g .  6) 
and allowed t~ Cure under pressure a t  room temperature f o r  a t  leas t  one 
aay. Metal guide p ins  inser ted i n  each o f  the  primary manifold holes are 
used t o  a l i g n  tnese pa r t s  during assembly. 
The gasket-flow f i e l d  assembly surfaces must be smooth and f r e e  from 
scratches t o  avoid po ten t i a l  leakage paths. 
Sealing the i n te r face  between the membrane and tne  gasket f l c w  f i e l d  
assemblies depends upon maintaining the stack i n  compression. Tnreaded t i e  
rods, as spawn i n  f i g u r e  7, are c a r e f u l l y  and evenly t ightened sequent ia l l y  
t o  tiold tne Stack pieces together. Steel p la tes  a t  each end o f  tne stack 
are used t o  d i s t r i D u t e  tne compressive forces uni formly across the gasket 
seal ing surfdces. Po lyv iny l  cn lo r ide  p l a s t i c  blocks serve as e l e c t r i c a l  
insu la tors  and pro tec t  the s tee l  p la tes  from the corros ive e l e c t r o l y t e  
f l u i d s  an0 provide non-conductive connections Detween tne stack manifolds 
and external  plumbing. 
I t  i s  ii itportarlt t hd t  the faces o f  tne graphi te o r  carbo-, p la tes  be f l a t  
(NASA uses a tolerance o f  *0.001 in.) so tha t  the mating faces w i  11 have an 
even pressure d i s t r i b u t i o n .  Uneven pressure could r e s u l t  i n  unsealed areas. 
Neoprene ruboer gasKets are placed oetween the p l a s t i c  blocks and 
graphi te terminai p la tes  (see f i g .  7 )  t o  seal around the primary manifolds. 
A ruboer gasket i s  also used t.o e l e c t r i c a l  l y  insu la te  tne open c i r c u i t  eel 1 
from tne ac t ive  c e l l s  i n  the  stack. For both cases, a t h i n  f i l m  o f  RTV i s  
appl ied around the manifold noles t o  ensure a seal. 
I r l terna I Leakage 
The system can lose capaci ty  v i a  i n t e r n a l  leakage, t h a t  is,  by  p o s i t  l ve  
f l u i d  crossing over t o  the negative s ide of the c e l l ,  o r  v i c e  versa, v i a  
leakage patn between the  c e l l  c a v i t i e s  and the primary manifolds. The mem 
branes, polyethylene gaskets and f l ow  f i e l d s  must form t i g t i t  seals a t  these 
areas i n  the  stack. 
Tne membrane must be f r e e  o f  1.11les'. P r i o r  t o  stack assembly, each 
membrane i s  examined f o r  noles by lay ing  i t  on a sheet o f  whi te absorbent 
paper and applying methylene b lue  dye t o  the top  surface. The dye s ta ins  
tne paper underneath t o  ind ica te  holes. 
A f t e r  each stack i s  assembled, i t  i s  tested f o r  i n t e r n a l  leakage. The 
stack i s  attached w i t h  tubing t o  elevated reservo i rs  as shown i n  f i g u r e  8. 
The stack, tub ing  and reservo i rs  are then f i l l e d  w i th  water. The volume 
co l lec ted  i n  the graduated cy l i nde r  i s  recorded over a per iod  o f  t ime t o  
determine the  r a t e  of i n t e r n a l  leakage. The t e s t  i s  then repeated wi.th the 
pressure head reversed. An acceptable leakage r a t e  i s  0.06 c d l  nour per  
329 c d  (1 f t2 )  o f  ac t i ve  membrane area. 
Shunt Current Losses 
During operation, the e lec t ro l y tes  continuously c i r c u l a t e  through the  
interconnect ing f l ow  channels and mdnifolds i n  tne stack. Since these 
f l u i d s  are i o n i c a l l y  conductive, current  f l ow  from one c e l i  t o  another v i a  
the manifolds forms a secondary conauctive loop o r  snunt cur ren t  pa th  which 
dra ins the system o f  e l e c t r i c a l  capacity. A mathematical analys is  ind ica tes  
tha t  t o t a l  shunt power loss increases exponent ia l ly  w i th  the number o f  ce 11s 
i n  the stack by  a power between two and three ( re f .  2).  The sum t o t a l  of 
tne shunt cur ren t  losses can oe determined experimental ly by p lac ing  the 
system on charge a t  a constant voltage. As the  system becomes f u l l y  
charged, tne cur ren t  w i  11 graaual l y  decrease u n t i  l the charging r a t e  equals 
the r a t e  a t  which the so lu t ions  are discharging through the  shunt loops. 
To minimize the main snunt current  path between c e l l s  v i d  the f l ow  
channels and manifolds, the f l ow  paths are r e s t r i c t e d  i n  cross-sectional 
area ana increased i n  length. This reduces tne snunt curre,lt out a t  the 
same time increases pumping power. Thus, an important design ob jec t ive  i s  
t o  determine the optimum f low cnannel dinerlsions w l i i c ~ ~  w i  ll y i e l d  the  mini- 
mum sum o f  losses due t o  snunt currents and pumping requirements. Reference 
3 explains t h i s  opt imizdt ion process i n  de ta i l .  
Otnrr  possible shunt patns i n  the stack such as paths from the  elec- 
t r o n i c a l l y  conductive b ipo la r  p l a t e  o r  irorn tne i o n i c a l l y  conductive mem- 
brane t o  the  f l u i d s  i n  tne manifolds, have been eliminated. D i e l e c t r i c  
i nse r t s  are placea i n  tne manifold noles o f  the b ipo la r  p la tes  as shown i n  
f i g u r e  5; l ikewise, washer-shaped polyethylene i nse r t s  are placed i n  the 
membrane manifold holes. The f low f i e l d  gaskets also reauce shunt currents 
by i nsu la t i ng  the  f l u i d s  i n  the f l ow  channels from the o ipo la r  plates. The 
snunt current  loss can be fu r ther  reduced by celnenting a secorld gasket t o  
tne f l o w  f i e l d  face t o  separate tne f l ow  channels f r a n  the membrdne as i n  
f i gu re  9 This gasket nas been incorporated i c t o  a 5 c e l l ,  310 cmd 2 (0.33 f t  ) stack, reducing the steady-state charging cur ren t  from 30 t o  
12 mA. The predic ted shunt current  value f o r  t h i s  stack i s  8 mA based 
on a NASA generated shunt current  model ( r e f .  3). 
Contact between any two b ipo la r  p la tes  o r  membranes v i a  the  s tee l  t i e  
rods w i  l l cause a short  c i r c u i t .  The t i e  rods are, therefore, centered i n  
t h e i r  s l o t s  t o  c lea r  the p la tes  and membranes and, i n  addit ion, are covered 
w i t h  i nsu la t i ng  shrink tubing. 
Reducing Stack Resistance 
To minimize the  stack e l e c t r i c a l  res is tance as we l l  as i t s  length, the 
b ipo la r  p la tes  are made as t h i n  as t h e i r  mechar~ical stret igth allows. The 
terminal plates, through which the  load current  enters and leaves the  stack, 
must be th i ck  enough t o  a low the  load current  t o  f l ow  p a r a l l e l  t o  t n e i r  1 faces without excessive I R losses. The take-of f  tabs on these p la tes  are 
placed on two sides t o  decrease the cur ren t  per tao and lower the  r e s i s t i v e  
losses. These tabs are arranged i n  a staggered fashion t o  be accessiole 
where tne p la tes  are c lose together. The b ipo la r  p la tes  and terminal  p la tes  
are snown i n  f i g u r e  10. 
The f l o w t n r o u g h  electrode: are porous carbon f e l t  and thus a l low 
excel lent  mass-transfer as we l l  as permi t t ing  greater surface area f o r  t he  
ox ida t iun  and reduct ion react ions. The com~ression o f  the e lect rode i n  edch 
c a v i t y  i s ,  therefore, an important parameter. A ce r ta in  minimum p o s i t i v e  
compression i s  required t o  ensure adequate e l e c t r i c a l  contact w i t h  the  
b ipo la r  o r  terminal  p la tes  and a lso t o  ensure uniform f l u i d  f l ow  from the  
bottom edge t o  the top edge o f  the  electrode. However, too  much cornpression 
r e s u l t s  i n  r e s t r i c t e a  e l e c t r o l y t e  flow, h igh pressure drop across the  c e l l  
and more d i f f i c u l t  stack assembly. 
CONCLUDING REMARKS 
The design and assembly o f  a stack o f  redox c e l l s  must ensure the  
minimizat ion o f  external  and i n te rna l  physical  leakage o f  tne c i r ~ u l a t i n y  
f l u ids ,  capaci ty  loss caused by shunt currents and ohmic and i wit re,ist- 
ance losses w i t h i n  the c e l l s  and stack. 
To minimize external  and i n te rna l  leakage, a t ten t i on  must be given t o  
the design and assembly o f  the gaskets and f low f i e l a s  enclosing the c e l l  
cav i t ies .  Both the contact cement and RTV adhesive sealant must be appl ied 
smoothly and care fu l l y .  The t i e  rods which compress tne stack must a l l  be 
t ightened t o  the same torque. There must be no pinholes i n  the  membranes 
which wou Id a l low e l e c t r o l y t e  mixing. 
Several design fac to rs  can reduce shunt losses. There i s  an optimum 
set of f low p o r t  dimensions r e s u l t i n g  i n  a minimized sum o f  shunt and pump- 
i ng  power losses. The e lec t ro l y tes  i n  the manifolds and f l o w  p o r t s  should 
De i n ~ ~ l a t e d  from tne adjacent b ipo la r  p la tes  and membranes. The t i e  rods 
must not  sho r t - c i r cu i t  the b ipo la r  p la tes  o r  membranes. 
To minimize stacK resistance, the stacks are designed with t h i n  b ipo la r  
plates. The terminal p la tes  must be t h i c k  t o  handle the load cur ren t  f l o w  
ing across trle plate.  ?roper compression assures good contact between elec- 
troaes and o ipo la r  ( o r  terminal )  plates. 
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